We examined the effects of electrical and chemical stimulation of the C1 area of the rostral ventro lateral medulla (RVL) on regional cerebral blood flow (rCBF) and regional cerebral glucose utilization (rCGU) in anesthetized (chloralose), paralyzed (curare) and ven tilated rats. rCBF and rCGU were measured using 14C_ iodoantipyrine (lAP) and 14C-deoxyglucose (2-DG), re spectively, as indicators, with bilateral regional dissec tion of 11 brain regions. Electrical stimulation of the RVL elicited increases in arterial pressure (AP), heart rate (RR) and plasma concentration of epinephrine (EPI) and norepinephrine (NE). In addition, stimulation of the RVL, but not the adjacent medial longitudinal fasciculus, with AP maintained, increased rCBF (p < 0.05, n = 6), but not rCGU, bilaterally and symmetrically (134-169% of control) throughout the brain. Bilateral adrenalectomy abolished the increase in plasma EPI elicited by stimula-
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The rostral ventrolateral medulla (RVL) plays a critical role in the control of the systemic circula tion. Sympathoexcitatory reticulospinal neurons of the RVL not only appear necessary for maintaining resting (tonic) levels of arterial pressure (AP), but are also critical in mediating a number of reflexes tion of the RVL but did not affect resting rCBF (n = 5) or the elevation in rCBF elicited by RVL stimulation (n = 5). Increases in rCBF elicited by RVL stimulation were also unaffected by acute transection of the superior cervical ganglion (p > 0.05). Kainic acid (KA) microin jected into the RVL unilaterally (n = 6) at a dose pro ducing sustained elevation in AP (5 nmol in 100 nl), elic ited changes in rCBF similar to those elicited by electrical stimulation. We conclude that neurons within the RVL, possibly those of the adrenergic C1 group, can initiate a global cerebrovasodilation, but not an increase in rCGU, largely through neural pathways intrinsic to the brain. The responses may represent activation of networks in RVL mediating circulatory adjustments to hypoxia. Key Words: Rostral ventrolateral medulla oblongata Cerebral blood flow-Cerebral glucose utilization-rat.
acting to control the systemic circulation. Electrical or chemical stimulation of the area increases mean arterial pressure (MAP) and heart rate (RR) (Ross et aI., 1984) , while bilateral electrolytic lesions (Ku mada et aI., 1979) , cooling (Schlaefke et aI., 1970) , or the bilateral application of inhibitory amino acids (Ross et aI., 1984) , lowers MAP to levels compara ble to those produced by spinal cord transection. By means of immunocytochemical, anatomical, and physiological techniques (Reis et aI., 1988) , the crit ical region within the RVL controlling AP was found to be restricted to an area corresponding to location of the C 1 adrenaline-synthesizing neurons. In addition, neurons of the RVL have direct ana tomical connections to, or through, other regions of the brain with demonstrated cerebrovascular ac tion, such as the parabrachial complex (PB), locus coeruleus (LC), centromedian-parafascicular nu cleus of the thalamus (CM-PF) and the dorsal med ullary reticular formation (DMRF).
Stimulation of RVL has recently been demon strated to increase local cortical blood flow as mea sured by laser-Doppler flowmetry (Saeki et al., 1989) . It was not demonstrated, however, whether (1) the changes in cerebral blood flow elicited by RVL stimulation are restricted to cerebral cortex or are more widespread; (2) the increase in blood flow is associated with changes in cerebral glucose utili zation; and (3) the responses are mediated by the tonic sympathetic vasomotor neurons in the region of the ventrolateral medulla containing the adren ergic neurons of the Cl group. To establish quan titative changes following stimulation of RVL, the present study employs CBF and cerebral glucose utilization (CGU) as measured by the 14 C-iodoanti pyrine (lAP) and 14 C-2-deoxyglucose (2-DG) tech niques, respectively, as the laser-Doppler flowme try technique used by Saeki et aI. (1989) reported only relative changes in CBF and did not measure CGU.
We sought to determine (1) whether stimulation of neurons of the R VL affects rCBF and/or rCG U , and, if so, (2) whether the response is mediated by neural pathways contained entirely within the brain. Preliminary reports of the findings have been presented in abstract form (Underwood et aI., 1985; Underwood et aI., 1987a, b) .
MATERIALS AND METHODS

General methods and surgical procedures
Male Sprague-Dawley rats (325-425 g) were anesthe tized with halothane (2-5% in 100% O2) blown over the nose and a-chloralose (30-40 mg/kg, s.c.) administered with halothane maintained. Thin-walled vinyl (0.5 mm O.D.) and polyethylene (1.3 mm O.D.) catheters were placed in each femoral artery and vein, respectively, and the trachea was cannulated. Rats were then placed in a stereotaxic frame with the floor of the fourth ventricle horizontal (bite bar = -II mm). Animals were paralyzed with d-tubocurarine at an initial dose of 0.5 mg/kg, s.c. supplemented with 0.2 mg/kg every hour and ventilated with 100% O2 by a respirator (Harvard Apparatus Rodent Respirator Model 680) at 80 strokes/min. One arterial catheter was connected to a Statham P23Db transducer to continuously record systemic arterial pressure and heart rate on a chart recorder. Body temperature was measured rectally and maintained at 37-38°C (YSI Instruments, Model 73) by a servo-controlled infrared lamp.
The medulla and caudal portion of the cerebellum were exposed by an occipital craniotomy and the calamus scriptorius, which served as stereotaxic zero for the placement of electrodes or pipettes, visualized. In some animals the adrenal glands were removed bilaterally via a dorsal approach or the cervical sympathetic trunk was transected unilaterally just proximal to the ganglion. Halothane was discontinued at the end of surgery. The level of anesthesia was monitored in some animals by electroencephalographic recording and cardiovascular re sponse to tail pinch.
Blood gases were measured on samples of arterial blood (0.3 m!) by a blood gas analyzer (Instrumentation Laboratory, Model Micro 13). Other samples of arterial blood were collected in a heparinized capillary tube for measurement of hematocrit.
Plasma norepinephrine (NE) and epinephrine (E) were measured by a radioenzymatic method (Levin et aI., 1980) . Blood samples (0.4 ml) were withdrawn from an arterial cannula into heparinized tubes which were then immediately centrifuged (11,000 rpm for 15 s) to separate the plasma. A 200-J-l1 aliquot of the plasma supernatant of each sample was frozen and stored at -70°C until as sayed.
Electrical and chemical stimulation of brain
The brain was electrically stimulated through elec trodes fabricated from Teflon-coated stainless steel wire (150-J-lm diameter) carried in 26-gauge hypodermic tubing with only the cut surface exposed. Constant current cathodal square-wave pulses were delivered through a stimulus isolation unit. The anode was an alligator clip attached to the scalp. The stimulus current was also mea sured by passing the stimulus output across a 10 n resis tor and displaying the signal on an oscilloscope.
For chemical stimulation, agents were microinjected in a volume of 100 nl into the medulla through glass pipettes (Corning) broken back to a tip diameter of 40-60 J-lm. The injectate was delivered by a positive-pressure system over a period of 20-30 s. All drugs were dissolved in phosphate-buffered physiological saline to a pH of 7.4 ± 0.1. The pipette was left in place for at least 3 min fol lowing each injection to minimize the spread of the injec tate up the pipette tract.
Measurement of rCBF and rCGU
rCBF was measured using 14C-iodoantipyrine (lAP) as a freely diffusible indicator. Tissue concentrations of lAP were obtained using tissue homogenates with the brain to-blood partition coefficient set at 0.8.
In brief, 4-iodo-[N-methyl-14C]antipyrine in ethanol (New England Nuclear, 40-60 mCi/mmol) was dissolved in 1 ml of saline following elimination of ethanol under a nitrogen stream. Approximately 15 min before the start of the lAP infusion, animals received 2,000 U of heparin i. v. (A. H. Robbins). The indicator was infused at a constant rate over 30-40 s through a femoral venous catheter by an infusion pump (Harvard Apparatus, Model 940). Simul taneous with the infusion, 4-6 drops of blood were sam pled every 3-6 s through a femoral arterial catheter to obtain the arterial concentration time curve of lAP. Ali quots (40 J-l!) of arterial blood were transferred to scintil lation vials containing 1 ml of tissue solubilizer-ethanol solution (Protosol, New England Nuclear). The blood was then incubated at 55°C for at least 30 min and decol orized with 30% hydrogen peroxide. The vials were then filled with 2 ml of ethanol and 15 ml of scintillator (Beck man HPIb). Radioactivity was measured by a liquid scin tillation spectrophotometer (Beckman, Model LS580l) and corrected to disintegrations per minute (dpm).
Following infusion of indicator, the animal was killed by injection of a bolus of 1 ml of saturated KCl into a femoral vein. The brain was rapidly removed, placed on an ice-cold glass plate and dissected into the following regions: cerebellum; inferior colliculus; superior collicu Ius; hypothalamus; frontal, occipital, and parietal corti-ces; thalamus; hippocampus; caudate nuclei; and white matter. In studies in which side-to-side comparisons were made, paired sampling was performed.
Tissue samples were transferred to preweighed scintil lation vials and were then reweighed immediately follow ing the completion of the dissection. After solubilization of the tissue by Protosol (NEN), 2 ml of ethanol and 15 ml of scintillation cocktail (Beckman HPIb) was added and the samples counted. rCBF (ml 100 g -1 min -I ) was cal culated by obtaining the relationship between CBF and tissue concentration of lAP. This relationship was calcu lated by a computerized approximation of Kety's inte gral.
rCOU was measured using the 2-deoxyglucose (2-DO) technique (Sokoloff et aI., 1977) . Brain concentration of 2-DO was determined by regional brain dissection.
2-e 4C)-deoxY-D-glucose in ethanol-water solution (New England Nuclear, sp. act. 50-60 mCi/mmo!) was dissolved in normal saline after elimination of ethanol. 2-DO was infused at a constant rate over about 40 s through a femoral venous catheter by an infusion pump (Harvard Apparatus, Model 940). Simultaneously, about 100 fLl of arterial blood was sampled every 10 s during the first minute, at 90 s and at 2, 3, 5, 10, 15, 25, 35, and 45 min after the onset of infusion. The blood samples were centrifuged and stored in ice immediately following col lection. Aliquots (20 fL!) of plasma were transferred to scintillation vials, 15 ml of scintillation cocktail (Beckman HPIb) was added, and the radioactivity was measured. Plasma glucose concentration was measured with a glu cose analyzer (Beckman Mod. 2). rCOU (fLmol 100 g-I min -I ) was calculated from the regional brain radioactivity and the arterial time-course of 2-DO and glucose, using the modified equation of Savaki et al. (1980) . Although electrical stimulation of the RVL increased plasma glucose concentration approximately twofold, values were below 300 mgldl and within the sat isfactory limits for the operational equation (Savaki et aI., 1980) .
Histology
To identify sites of electrical stimulation. small lesions were produced by passing a DC current of 200 fLA for 10 s through the stimulating electrode. Microinjection sites were marked by injection of 100 nl of 1% fast green dye from a capillary micropipette inserted into the stimulus site.
In most experiments, rats were killed by injection of KCI (Lv.). The brain was removed and dissected to sep arate areas for measurement of rCBF or rCOU; the me dulla, containing stimulation sites, was separated from the remainder of brain, and immersed in Freon (-25°C) and stored frozen. It was subsequently sectioned at 30 fLm in a cryostat (Hacker/Bright) and Nissl-stained in or der to reconstruct stimulation sites.
In experiments in which stimulation sites were local ized with reference to phenylethanolamine-N-methyl transferase (PNMT)-containing neurons, the animals were perfused through the heart with 4% paraformalde hyde in 0.1 M phosphate buffer, pH 7.4. The brains were removed and transverse sections were taken through the medulla at 30-fLm intervals with a sliding microtome. Im munocytochemical labeling of PNMT was performed us ing the peroxidase-antiperoxidase technique with anti bodies raised in rabbits against PNMT purified from bo vine adrenal medulla by methods described in detail elsewhere (Joh and Ross, 1983) .
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Conduct of experiments
In experimental animals, after administration of anes thesia, cannulation, placement of the animal in the ste reotaxic frame and exposure of the cerebellum, the stim ulating electrode was inserted into the cerebellum 2.0 mm rostral to the calamus scriptorius and 1.9 mm lateral to the midline. The electrode was lowered through the me dulla in 0.2-mm increments, stimulating with a 8 s train of square-wave pulses (0.5 ms pulse duration, 100 Hz, 5-10 fLA stimulus current at each step) while simultaneously measuring AP and HR. Stimulation never elevated AP more than 15 mm Hg, so that MAP remained below 150 mm Hg and within the autoregulated range for rCBF in rat (Ishitsuka et aI., 1986) . Such precautions were taken be cause an abrupt rise in AP above the autoregulated range might result in paralysis of vascular responsivity and loss of autoregulation (Kontos et aI., 1978) .
Once the most sensitive site in the RVL was located, the electrode was left in place. Blood gases were carefully adjusted so that the arterial Peo2 was maintained within the normocapnic range (33-38 mm Hg) by adjusting the stroke volume of the ventilator. The RVL was then stim ulated with intermittent trains of pulses (1 s onll s off) at 100 Hz and with a current intensity increased gradually to five times the minimal current required to elevate the AP 10 mm Hg. AP was maintained constant by controlled hemorrhage so that at no time during stimulation was the mean AP allowed to rise above 140 mm Hg, thereby never exceeding the upper limit of cerebrovascular autoregula tion for rat CBF.
Ten to fifteen minutes after the start of the stimulation, lAP or 2-DO was infused. Arterial blood was removed at intervals as described above. After 10 min (for measure ment of rCBF) or 45 min (for measurement of rCOU), animals were killed by administration of 1 ml of saturated KCl i.v.
Blood gas values and AP for all groups are indicated in Table 1 . Arterial P02 values are elevated since all rats were ventilated with 100% 02' Except for a tendency of RVL stimulation to lower pH slightly in some experi ments and for P02 values to fall from control values fol lowing RVL stimulation when AP was permitted to rise, the variables did not vary between groups.
Experimental groups and statistical analysis
Four types of controls were studied. In the first group [unstimulated, unoperated controls (n = 6)], the craniot omy was performed as previously described, but the elec trode was not lowered into the RVL. In the second group [unstimulated, adrenalectomized controls (n = 5)], the adrenal glands were surgically exposed and the entire gland removed bilaterally. In the third group, [unstimu lated, saline-microinjected controls (n = 5)], the pipette was lowered into the RVL to coordinates selected follow ing electrical mapping of the most sensitive location and 100 nl of saline microinjected 15 min prior to the infusion of lAP. In the fourth group [stimulated controls (n = 4)], the electrode was placed in the midline at the same rostral coordinate as the RVL within the interstitial nucleus of the medial longitudinal fasciculus (MLF) and stimulated with a stimulus train (1 s onl1 s off) at 100 Hz with the stimulus current set at 50 fLA. After 10 min of such stim ulation, CBF was measured.
In five rats, the cervical sympathetic trunk was ex posed through a midline incision in the neck and acutely transected just proximal to the ganglion. The effect of RVL electrical stimulation was assessed � 1 h later. Plasma concentration of catecholamines was measured in stimulated (n = 5) and unstimulated (n = 5) animals with (n = 5) and without (n = 5) adrenal glands. Baseline samples were taken 2.5 h following the administration of a-chloralose and again before electrical stimulation. In stimulated animals samples were then taken 5 and 15 min following the onset of RVL stimulation. In unstimulated animals, additional samples were taken with a timing sim ilar to that of stimulated animals.
Data are presented as mean ± standard deviation. Side to-side differences in CBF within a group were evaluated by Student's paired t-test. Multiple comparisons were made using a multivariate analysis of variance and the Newman-Keuls test according to the grouping in Tables 1-6.
RESULTS
Effect of electrical stimulation of RVL on rCBF
Effect on AP and HR. In agreement with previ ous studies (Ross et aI., 1984) , electrical stimulation of the RVL in anesthetized, paralyzed, and venti lated rats elevated AP and HR. The site from which the largest responses were evoked corresponded to the location of adrenaline neurons of the Cl group. The vasopressor response was stimulus-locked and dependent upon stimulus frequency and intensity. Maximal responses were elicited at frequencies be tween 100 and 200 Hz and with stimulus currents between five and six times threshold (8 ± 2 /-LA). At optimal frequencies stimulation elicited elevations of AP of 77 ± 7 mm Hg and of HR of 55 ± 12 bpm (n = 6).
Effect on rCBF. Unstimulated controls. In unstim ulated controls (Table 2) , rCBF values as measured regionally in dissected brain samples were similar to those we have previously reported (Iadecola et aI., 1983; Nakai et aI., 1982) in anesthetized, paralyzed, and artificially ventilated rats. Differences in rCBF between the left and right sides of the brain were not significant (p > 0.05, paired t-test).
Stimulation of RVL with hypertension. The RVL was stimulated with intermittent trains of pulses (1 s on/l s off) at 100 Hz and five times the threshold current in three rats (Table 2) . In these rats, AP rose abruptly within the first 5 s of stimulation to 192 ± 9 mm Hg from a baseline of 130 ± 7 mm Hg (p < 0.05). The elevated AP was sustained for the first 2-3 min and then partially declined. However, by 10 min, when lAP was infused, it was approximately 153 mm Hg, still significantly greater than control (Table 1) . With RVL stimulation, P02 values were significantly reduced as compared with control, al though still twice normal values for rat (as a conse quence of ventilation with 100% O2), The reduction probably reflected the fact that such prolonged RVL stimulation results in pulmonary edema and reduced O2 transport.
Stimulation of the RVL without controlling AP significantly increased rCBF in all regions of brain bilaterally (p < 0.01; Table 2 ). The greatest in creases in rCBF occurred throughout the cerebral cortex, where rCBF was increased three-to four fold. The smallest changes were in the hypothala mus and hippocampus, where the increases were approximately twofold. Values are expressed as mean ± standard deviation (ml 100 g-l min --I); Inf. coil., inferior colliculus; Sup. coli., superior colliculus;
I, ipsilateral to side of stimulation; C, contralateral to stimulation. a Values not different from unstimulated controls in any region. b AP maintained in normal range by controlled exsanguination.
, p < 0.05, analysis of variance and Newman-Keuls for all groups.
Stimulation of RVL without hypertension. In an other group of rats, rCBF was measured during stimulation of the RVL while AP was maintained by controlled hemorrhage with AP and blood gases comparable to controls (Table 1) . Unilateral electri cal stimulation of C 1 area of R VL (Fig. 1) increased rCBF bilaterally and symmetrically in 9 of 11 struc tures (Table 2 ; p < 0.05, analysis of variance). With the exception of the cerebellum, left-to-right differ ences were not significant (p > 0.05, paired t-test).
In all cases, the increases were �50% of those elicited when AP was permitted to rise and differed with respect to the pattern of elevated rCBF. Thus, in contrast to the preponderant increase of rCBF within the cerebral cortex, the increases were more evenly distributed (Table 2) ; most notable increases were in inferior colliculus, superior colliculus, and hypothalamus (160-134% of unstimulated control). Increases were also observed in frontal cortex, pa rietal cortex, thalamus, hippocampus, and caudate. In the cerebellum, rCBF was increased bilaterally but asymmetrically (p < 0.05, paired t-test), being greater on the side ipsilateral to the stimulation. The increases in rCBF in the occipital cortex and corpus callosum did not reach statistical significance (p > 0.05; Table 2 ).
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Effect of stimulation of MLF. Electrical stimula tion of the interstitial nucleus of the medial longitu dinal fasciculus (MLF) had no effect on AP (Table  1) or rCBF (p > 0.05, n = 5; Table 2 ). Thus the effect upon rCBF of RVL stimulation was anatom ically specific.
Effect of chemical stimulation of RVL on RCBF
Effects of L-glutamate and KA on AP. L-Gluta mate (L-glu), but not saline, microinjected into the RVL (n = 5) elicited a dose-dependent elevation in AP and HR. The maximum elevation of AP was 70 ± 4 mm Hg and of HR 93 ± 36 bpm (n = 5), ob tained at 5 nmol. The elevation in AP was only sus tained for 1-2 min with AP returning to baseline by 3-5 min after stimulation. Since measurement of rCBF required at least 10 min to achieve a steady state, we examined the effects upon AP of kainic acid (KA), a rigid analog of L-glu with a greater duration of action.
KA (5 nmol/l00 nl) unilaterally injected into RVL (n = 5) elicited a dose-dependent (0.005-5 nmol), marked, and prolonged increase in mean AP and HR (Fig. 2) . The elevation of AP appeared with the onset of the infusion and persisted at a maximum of �50-60 mm Hg for 15 to 20 min, followed by a progressive reduction to baseline at 35-40 min, usu ally accompanied by the development of pulmonary edema and death. At the maximal dose (5 nmol), the 60 mm Hg rise of AP was only slightly less than that obtained by electrical stimulation (approximately 80 mm Hg), indicating that most of the sympatho excitatory responses to electrical stimulation of RVL can be attributed to stimulation of intrinsic neurons. Moreover, since KA produced a pro longed stimulation of RVL neurons, it was possible to utilize the agent so as to study the effects upon rCBF of chemical stimulation of RVL.
Effects of KA on rCBF. In six rats, rCBF was measured after the unilateral microinjection of KA (5 nmol/l00 nl over 1 min) into an active site in RVL (Fig. 1) . This treatment had no effect upon blood gases (Table 1) . Microinjection of saline into the RVL had no effect upon rCBF when compared with unoperated controls (Table 3) .
KA increased rCBF significantly, bilaterally, and symmetrically in inferior colliculus, superior collic ulus, frontal cortex, parietal cortex, and thalamus (140-160% of vehicle). The increase in rCBF did not reach statistical significance in hypothalamus, hip pocampus, occipital cortex, caudate nucleus, or corpus callosum. In cerebellum, the increase in rCBF was bilateral but greater on the side of stim ulation (p < 0.05, paired t-test).
The pattern and magnitude of the response in rCBF to unilateral stimulation by KA of RVL were indistinguishable from those elicited by unilateral electrical stimulation of the area (p > 0.05), indicat ing that the effects of electrical and chemical stim ulation of the RVL are probably interchangeable. The experiments also suggest that the increase in rCBF evoked by electrical stimulation of the RVL is due to stimulation of local neurons and not fibers of passage traversing the area.
Effect of electrical stimulation of RVL on rCGU
In unstimulated controls, rCGU ranged from 35 ± 4 !lmol 100 g-I min -I in corpus callosum to 58 ± 11 !lmol l00 g-I min -I in occipital cortex (Table 4) .
Electrical stimulation of the RVL had no effect upon rCGU, in contrast to the marked effects of such stimulation upon rCBF (Fig. 3) .
Effects of 45 min of RVL stimulation on rCBF
To determine whether the dissociation between the changes in rCBF and rCGU evoked by electrical stimulation of the RVL could be attributed to dif ferences in the timing of stimulation required for measurement of rCBF (10 min) and rCGU (45 min), rCBF was measured following 45 min of electrical stimulation of the RVL.
Stimulation still significantly increased (p < 0.05) rCBF globally from 141% of control in the hypo thalamus to 191% in the occipital cortex (Fig. 3) . These values do not differ from those obtained by 10 min of stimulation (Table 2) , with the exception of all regions of the cerebral cortex, where the in creases were significantly greater (p < 0.05; t-test) following 45 min of stimulation.
Effector mechanisms
Adrenal catecholamines. In unstimulated con trols, the average concentration of plasma E was A. Recording of mean arterial pressure in an experiment in which regional cerebral blood flow was measured. Note that the evoked change in arterial pressure is offset by controlled exsanguination.
298 ± 418 pg/ml (mean ± S.D.) and of NE, 508, ± 244 pg/ml (Table 5) . These values are comparable with those reported for the anesthetized rat (La combe et aI., 1990) . Acute bilateral adrenalectomy lowered E to values below the limit of detection (i.e., 50 pg/ml), without effect upon the concentra tion of NE (p > 0.05; n = 5). Electrical stimulation of the RVL for 5 min re sulted in a marked elevation in both catechol-J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 amines. E was increased over 25-and NE over 14fold (Table 5 ). Sustaining the stimulus for 15 min did not produce further increases in either catechol amine. Adrenalectomy abolished the evoked in crease in E but not NE, again demonstrating that the principal source of plasma NE in rat is extra adrenal, presumably from sympathetic nerves. Electrical stimulation of the MLF did not modify plasma catecholamine concentrations (p > 0.05; n Values are expressed as mean ± standard deviation (ml l00 g-I min-I); KA, kainic acid. Other abbreviations as in Table 2 .
a Saline unilaterally micro injected (100 n1 over 1 min). b Kainic acid unilaterally microinjected (5 nmol/IOO nl over 1 min).
c p < 0.05 from vehicle,. analysis of variance and Newman-Keuls test. d p < 0.05 from contralateral (paired I-test).
= 5), indicating that the release of catecholamines was related to the site of stimulation.
Acute adrenalectomy had no effect upon resting rCBF (p > 0.05; Table 6 ), nor did it modify the magnitude of the increase in blood flow elicited by RVL stimulation (Table 6) .
Sympathetic nerves. Unilateral cervical sympath ectomy did not reduce the elevation in rCBF elic- ited by RVL stimulation (Table 6 ) or modify rest ing flow. However, it produced some changes from control such as an increase in rCBF in the occipital cortex over stimulated controls.
DISCUSSION
In the present study, we sought to determine whether excitation of neurons in the C I area of RVL of the rat, critical for the tonic and reflex con trol of the systemic circulation , would modify rCBF and rCGU in anesthetized, par alyzed, and ventilated rats. We observed that elec trical and chemical stimulation of the RVL signifi cantly increased rCBF, throughout the brain. The increases, while greater in animals in which AP was allowed to rise [presumably secondary to distention of cerebral vessels and disruption of autoregulation (Kontos et al., 1978) ), also occurred when AP was maintained at resting levels during brain stimulation by controlled exsanguination. The increases in Effect of electrical stimulation of the rostral ventrolateral medulla (RVL) on regional cerebral blood flow (rCBF) and regional cerebral glucose utilization (rCGU). To control for the 45 min of stimulation required for measurement of rCGU, rCBF was mea sured in an additional group of ani mals following 45 min of stimulation. Note that the increase in rCBF to RVL stimulation was sustained and signifi cant in all regions. Furthermore, the increase in rCBF was unassociated with any similar change in rCGU. rCBF were, with the exception of the cerebellum, bilateral and symmetrical and included also seg ments of brain from cortex to brain stem. These increases in rCBF cannot be attributed to effects of stimulation on blood gases since these were com parable in control and experimental animals; nor can the changes be attributed to the controlled hem orrhage since (a) removal of similar amounts of blood does not affect resting rCBF (Iadecola et al., 1983) and (b) electrical stimulation of the parabra chial nucleus of the pons, which requires approxi mately the same amount of hemorrhage, decreases rCBF (Mraovitch et al., 1985) ; nor can the changes in rCBF be attributed to a nonspecific effect of elec trical stimulation, since stimulation with identical parameters in an adjacent brain stem site failed to alter rCBF.
The increases in rCBF elicited by electrical stim ulation of the RVL were replicated in distribution and magnitude by microinjection of kainic acid into the R VL. The finding is similar to the observation that electrical and chemical stimulation of the R VL elicits elevations of AP that are comparable (Ross et aI., 1984) and indicates that the response of AP and rCBF elicited by electrical stimulation of the re gions is attributable to excitation of cell groups and not fibers passing into or through the region. The demonstration that R VL stimulation increases rCBF is in agreement with studies demonstrating that electrical stimulation of the R VL rapidly in creases rCBF as measured by laser-Doppler flow metry (Saeki et aI., 1989) . However, they add the important new dimension that the increases are widespread and not just confined to parietal cortex.
To determine whether the increases in rCBF elic ited from the RVL were coupled to metabolism, we examined the effects of R VL stimulation of rCG U in identical regions of brain. We observed that RVL stimulation failed to modify rCGU in any brain re gion; thus, the increase in rCBF represented a pri mary vasodilation [i.e., an increase in rCBF unas sociated with a parallel change in rCGU ]. However, it should be emphasized that measurement of rCBF and/or rCGU in dis sected tissue homogenates may miss changes highly concentrated in anatomical subregions which are di luted within larger blocks of tissue and can only be detected by autoradiography (Nakai et aI., 1983; Nakai et aI., 1982) . Indeed, we have, in a prelimi nary autoradiographic study, observed that rCG U as well as rCBF are elevated in parallel in several areas to which the RVL projects, including the lo cus coeruleus and midline thalamic nuclei (Under wood, Iadecola and Reis, unpublished data).
It seems likely for several reasons that the effec tor pathway mediating the cerebrovascular re sponse to stimulation of the RVL is neural and en tirely contained within the CNS and that our results are not a consequence of stimulation of the princi pal peripheral nerves which influence larger cere bral vessels. Thus, sympathetic nerves are unlikely candidates since they are vasoconstrictor (Busija, 1981) , and transection of the superior cervical trunk did not affect the increase in rCBF elicited by RVL stimulation. The cholinergic parasympathetic inner vation largely contained in the petrosal branch of the VIIth cranial nerve, while mediating vasodila tion, is also unlikely to have contributed to the re sults since increases in rCBF produced by stimula tion of the VIIth nerve, when present, are small «25% in rat; Pinard et aI., 1979) . Finally, the va sodilatory peptidergic sensory fibers of the tri geminovascular system (Moskowitz, 1986 ) also elicit changes in rCBF which are small and re stricted and asymmetrically increase rCBF in the frontal and parietal cortex. It is also evident that cerebrovasodilation is not mediated by hormones released from the adrenal glands, such as catechol-amines or enkephalins, since the response is not affected by adrenalectomy and, as measured by la ser-Doppler flowmetry (Saeki et aI., 1989) , the re sponses are rapid and unlikely due to release of humoral agents.
The intracerebral pathways mediating the global cerebrovasodilation evoked by RVL stimulation are unknown. Neurons of the RVL project to the nu cleus of Koelliker-Fuse, the lateral portion of the parabrachial nucleus, the nucleus locus coeruleus, the paraventricular nucleus of the hypothalamus, and the centro medial parafascicular complex of the thalamus (Loewy et aI., 1981; Ruggiero et aI., 1989) . However, they do not innervate the cerebral cortex (Loewy et aI., 1981; Ruggiero et aI., 1989) . Thus, the elevation in the cerebral cortex must be medi ated by a secondary projection synaptically inner vated by RVL, having the potential to innervate the cerebral cortex diffusely. Several candidate projec tions should be considered, including diffuse thalamocortical projections of the intralaminar tha lamic nuclei (Herkenham, 1980) , the multiple con nections of the parabrachial complex (Saper and Loewy, 1980) , the neurovascular projections of nor adrenergic neurons of the LC (Raichle et aI., 1975) , or conceivably the diffuse connections of the lateral hypothalamus (Saper, 1985) .
It is of considerable interest that the effects of electrical or chemical stimulation of RVL replicate in many respects the changes in rCBF elicited by electrical stimulation of the cerebellar fastigial nu cleus (FN) (Nakai et aI., 1983; Nakai et aI., 1982) . Electrical stimulation of FN and R VL increase rCBF globally, presumably via intrinsic neuronal pathways. In most brain areas, notably the cerebral cortex, the responses are not coupled to rCGU. Moreover, bilateral lesions of the RVL abolish the cerebrovascular vasodilation (Chida et aI., 1990) as well as the elevations in AP (McAllen, 1985) elicited from FN, suggesting that the pathway from FN is relayed through R VL or that coactivation of RVL is necessary for full expression of the vasodilation elicited from FN. The responses elicited from RVL and FN, however, differ in two interesting respects. First, while the vasodilation elicited from RVL clearly is the result of excitation of local neurons, that elicited from FN appears to result from excita tion of fibers passing through or to the FN (Chida et ai., 1989) . We have argued that the elevation in rCBF and AP elicited from FN is a consequence of antidromic excitation of fibers projecting to FN from brainstem neurons which send collateral branches to RVL (Chida et aI., 1990) , as FN does not directly project to RVL. Second, the vasodila tion, but not the elevation in AP elicited from FN, is J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 abolished by atropine while that evoked from RVL is not. This finding indicates that the pathway me diating the elevation in rCBF from FN has a cholin ergic link while the pathway from RVL does not. Conceivably, the cholinergic link may involve a connection between FN and RVL and those projec tions activating rCBF.
The functional significance of the primary vasodi lation elicited from RVL is not known. However, it is of considerable interest that recent evidence has supported the view that the RVL may be of impor tance in mediating autonomic adjustments to cere bral hypoxia and/or ischemia. Neurons of the RVL are themselves rapidly excited by brief periods of ischemia (Guyenet and Brown, 1986) , hypoxia (Sun and Reis, 1991) , or to locally applied cyanide or sulfide (Sun et ai., 1992) , while lesions of the RVL will abolish the elevations in AP elicited by isch emia (Dampney and Moon, 1980) . It has been ar gued that the RVL may in fact serve as an oxygen sensor analogous in function to chemoreceptors of the carotid body (Sun and Spyer, 1991; Underwood et aI., 1991 )-a premise supported by the anatomi cal evidence that neurons in the RVL are richly endowed with mitochondria and in close apposition to blood vessels, which in some instances may pen etrate the soma of sympathoexcitatory neurons of the area (Milner et aI., 1987) . The fact that cerebral hypoxia elicits a marked elevation in rCBF unasso ciated with changes in rCGU (Underwood et aI., 1991) raises the possibility that the RVL may act not only to elicit the systemic circulatory adjust ments to hypoxia but also those of the cerebral cir culation. In support of this hypothesis is our finding that bilateral electrolytic lesions of RVL will, in a site-selective manner, reduce by 5�5% the cere brovascular vasodilation elicited by hypoxia with out altering the vasodilation elicited by hypercarbia (Underwood et ai., 1991) . The findings reported here that electrical or chemical stimulation of the region will replicate the cerebrovascular responses to hypoxia support this view.
